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Photoperiodic control of flowering time is believed to affect latitu-
dinal distribution of plants. The blue light receptor CRY2 regulates
photoperiodic flowering in the experimental model plant Arabidopsis
thaliana. However, it is unclear whether genetic variations affecting
cryptochrome activity or expression is broadly associated with lati-
tudinal distribution of plants. We report here an investigation of the
function and expression of two cryptochromes in soybean, GmCRY1a
and GmCRY2a. Soybean is a short-day (SD) crop commonly cultivated
according to the photoperiodic sensitivity of cultivars. Both cultivated
soybean (Glycine max) and its wild relative (G. soja) exhibit a strong
latitudinal cline in photoperiodic flowering. Similar to their Arabi-
dopsis counterparts, both GmCRY1a and GmCRY2a affected blue
light inhibition of cell elongation, but only GmCRY2a underwent
blue light- and 26S proteasome-dependent degradation. However,
in contrast to Arabidopsis cryptochromes, soybean GmCRY1a, but
not GmCRY2a, exhibited a strong activity promoting floral initia-
tion, and the level of protein expression of GmCRY1a, but not
GmMCRY2a, oscillated with a circadian rhythm that has different
phase characteristics in different photoperiods. Consistent with
the hypothesis that GmCRY 1a is a major regulator of photoperiodic
flowering in soybean, the photoperiod-dependent circadian rhyth-
mic expression of the GmCRY 1a protein correlates with photope-
riodic flowering and latitudinal distribution of soybean cultivars.
We propose that genes affecting protein expression of the
GmMCRY1a protein play an important role in determining latitudinal
distribution of soybeans.
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Cryptochromes are blue light receptors that regulate devel-
opment in plants and the circadian clock in plants and
animals (1-3). Plants have at least two types of cryptochromes:
cryptochrome 1 (CRY1) and cryptochrome 2 (CRY2) (4, 5). In
Arabidopsis, CRY1 mediates mainly blue light control of de-
etiolation, whereas CRY2 regulates primarily photoperiodic
flowering, defined here as the reaction to change flowering time
in response to altered photoperiods (4, 6, 7). In addition to
Arabidopsis, cryptochromes have also been studied in other
plants, including algae (8), moss (9), fern (10), tomato (11, 12),
rapeseed (13), pea (14), and rice (15, 16). Results of these studies
indicate that cryptochromes in angiosperms generally regulate
developmental aspects in ways that are similar to Arabidopsis.

Light and the circadian clock often regulate gene expression
of cryptochromes. For example, the mRNA expression of cryp-
tochrome genes is regulated by the circadian clock in Arabidop-
sis, tomato, and pea (13, 17, 18), and by blue light in Brassica (19).
Most studies of the cryptochrome gene expression are limited to
the level of mRNA, which does not necessarily predict the level
of protein expression. Blue light regulation of cryptochrome
protein expression has been extensively investigated in Arabi-
dopsis. The Arabidopsis CRY2 protein is light labile, whereas
the CRY1 protein is light stable; CRY2 is rapidly phosphory-
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lated and degraded in etiolated seedlings exposed to blue light
(20-22), by the ubiquitination/26S proteasome apparatus in the
nucleus (23). Consistent with CRY2 being a more predominant
photoreceptor than CRY1 in the regulation of photoperiodic
flowering in Arabidopsis, the protein level of Arabidopsis
CRY2, but not CRY1, exhibits a blue light- and photoperiod-
dependent diurnal rhythm (24, 25).

As plant species expand their ranges latitudinally, natural selec-
tion is likely to favor genetic variations causing the latitudinal clines
in flowering time and/or other developmental responses (26, 27).
Genetic variations of photoreceptors such as phytochromes and
cryptochromes are known to be responsible for some of the
natural variations in Arabidopsis (25, 28, 29). For example, a
major quantitative trait locus, EDI, which partly accounts for the
difference in flowering response to photoperiod between Ara-
bidopsis accessions collected in Northern hemisphere and the
Cvi accession collected in the Cape Verde Islands near the
equator, encodes a CRY2 variant with the increased protein
stability in light (25). However, contrary to the general expec-
tation, a recent study of 150 Arabidopsis accessions appears to
show no clear latitudinal cline in flowering time when grown
under LD or SD conditions without vernalization (30). There-
fore, it remains unclear whether cryptochromes have a broader
contribution to the latitudinal distribution of Arabidopsis.

In an attempt to address the question whether the activity or
expression of cryptochromes may contribute broadly to the
latitudinal distribution of a plant species, we investigated the
function and expression of cryptochromes in the facultative SD
plant soybean (Glycine max). Soybean was selected for the earlier
studies leading to the discovery of photoperiodism in 1920 (31).
Most soybean varieties have strong photoperiodic sensitivity,
such that soybean is commonly cultivated as different “maturity
groups,” each adapted to a narrow latitudinal range (32, 33). The
molecular mechanism underlying the “maturity” variation in
soybean is almost completely unknown. In this study, we iden-
tified six soybean cryptochrome genes that encode four CRY1
(GmCRYla to GmCRY1d) and two CRY2 (GmCRY2a and
GmCRY2b), and investigated in more detail the function,
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mRNA expression, and protein expression of the GmCRYIa and
GmCRY2a genes. Our study demonstrates that, in contrast to
Arabidopsis, soybean CRY1 (i.e., GmCRY1a) plays the pre-
dominant role in determining flowering time. Consistent with
the proposition that soybean GmCRY1a plays a more predom-
inant role regulating photoperiodic flowering, we showed a clear
and strong correlation of the circadian rhythmic expression of
the GmCRY1a protein with photoperiodic flowering and lati-
tudinal distribution of soybean cultivars.

Results and Discussion

Soybean Cryptochrome Genes. To investigate possible roles that
cryptochromes may play in photoperiodic flowering and its asso-
ciation with the latitudinal distribution of soybean, we searched
soybean EST and genome sequence database, identified six soybean
cryptochrome-like genes (GmCRY) [supporting information (SI)
Fig. S1 and Fig. S2], cloned two representative GmCRY genes
(GmCRYla and GmCRY2a), and prepared antibodies against the
more diverged C-terminal domain of GmCRY1a and GmCRY2a
(see SI Text). A comparison of the amino acid sequence of
GmCRY to that of the Arabidopsis CRY! and CRY2 indicates
that the six GmCRY genes encode 4 CRY1 (GmCRYla to
GmCRY1d) and 2 CRY2 (GmCRY2a and GmCRY2b) apo-
proteins. As shown in Fig. S1, GmCRY1’s have higher sequence
similarity to Arabidopsis CRY1 (71-79% identity) than to
GmCRY2’s (62-65% identity), whereas GmCRY2’s are more
closely related to Arabidopsis CRY2 (62-65% identity) than to
GmCRY1’s (52-53% identity). Similar to that found in crypto-
chromes of other plants, GmCRY’s share more extensive sequence
similarity in the N-terminal photolyase-like chromophore-binding
domains than in the C-terminal domains (Fig. S2). In contrast to the
Arabidopsis genome that encodes one CRY1 and one CRY2, the
soybean genome encodes twice as many CRY1 as CRY2 (Figs. S1
and S2). Given that CRY7 and CRY2 were most likely derived from
gene duplication before the divergence of monocots and dicots
~150-200 million years ago (2, 34), this phenomenon may be
explained by the paleotetraploid nature of soybean. The soybean
genome (~1 Gb) is believed to undergo genome combination,
aneuploid loss of chromosomes, and subsequently genome dupli-
cation/diploidization (35), which may result in unequal gene dupli-
cation or loss of the progenitor cryptochrome genes.

Function of Soybean Cryptochromes. GmCRY1la and GmCRY2a
are expressed throughout soybean development, but they appear
to express at higher levels in tissues at younger stages of
development (Fig. 14). GmCRY1a and GmCRY2a are nuclear
proteins. They were detected in the nuclei of soybean leaf tissues
by nuclear immunostaining (Fig. 1B) and in the nuclei of
Arabidopsis transgenic plants expressing 35::GFP-GmCRY1a or
35::GFP-CRY2a by GFP fluorescence (Fig. 1C). Similar to
previous studies of cryptochromes in other plants (16, 36),
GFP-GmCRY1la and GFP-GmCRY2a showed physiological
activities mediating blue light inhibition of hypocotyl elongation
in transgenic Arabidopsis seedlings (Fig. S3 A-D). Transgenic
expression of GFP-GmCRY1a rescued the blue light-specific
long hypocotyl phenotype of the Arabidopsis cryl mutant, and
resulted in hypersensitivity to blue light in the wild-type CRY1
background. Similarly, transgenic expression of GFP-GmCRY2
also resulted in hypersensitivity to blue light (Fig. S3 A-D).
Given that light inhibition of cell elongation is likely an ancient
cellular response, it may not be surprising that this activity of
cryptochromes seems universally conserved in different crypto-
chromes and in different plant species (11-14, 16, 37).

We then examined possible effects of soybean cryptochromes
on flowering time, which is apparently a more recent evolution-
ary “invention” of angiosperm. We first asked whether and
which soybean GFP-cryptochrome fusion proteins may rescue
the late-flowering phenotype of the Arabidopsis cry2 mutant.
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Surprisingly, we found that GFP-GmCRY1a, but not GFP-
GmCRY?2a, rescued the late-flowering phenotype of the cry2
mutant (Fig. 1 D-G). Consistent with this observation, trans-
genic plants expressing GFP-GmCRYla, but not GFP-
GmCRY2a, also showed accelerated flowering in Arabidopsis of
the wild-type CRY2 background. GFP-GmCRY1la promotes
flowering by stimulating mRNA expression of the FLOWERING
LOCUS T (FT) (Fig. 1H), suggesting a similar mode of action of
the soybean GmCRY1a and Arabidopsis CRY2 in the regula-
tion of flowering time (38). Soybean plant transiently transfected
by leaf-infiltration with Agrobacterium harboring the Ti plasmid
encoding 355::GFP-GmCRYla also showed modest but statisti-
cally significant acceleration of flowering (Fig. S3 E-G).

Light and Circadian Regulation of the Soybean Cryptochromes. We
next tested whether blue light regulation of protein stability of
different cryptochromes found in Arabidopsis may be preserved
in soybean. In Arabidopsis, CRY2, but not CRY1, undergoes
blue light-dependent degradation (22, 23). Similarly, soybean
GmCRY2a, but not GmCR Y1a, was degraded in blue light (Fig.
24). In etiolated soybean seedlings exposed to blue light, the
level of GmCRY2a decreased rapidly (within 30 min) after blue
light treatment, but the GmCRY2a level did not decrease in
plants treated with red light for up to 240 min (Fig. 2B). This
rapid decline of the GmCR Y2a protein in response to blue light
was inhibited by the 26S proteasome inhibitor MG132 (Fig. 2C),
suggesting that, like Arabidopsis CRY2 (23), soybean
GmCRY2a is degraded by the 26S proteasome in response to
blue light.

Because blue light-dependent degradation of Arabidopsis
CRY2 is thought to be responsible for the photoperiod- and blue
light-dependent diurnal rhythm of CRY2 protein expression (24,
25), we tested whether the expression of the blue light-labile
GmCRY2a protein would also exhibit a similar diurnal rhythm.
We grew soybean in LD (18 hL/6 hD) or SD (8 hL/16 hD)
photoperiod (Fig. 3), collected samples every 4 h for 1-2 days,
transferred plants to continuous light, collected samples for 1-2
more days, and compared the level of mRNA and protein
expression of the GmCRY1a and GmCRY2a genes. Surprisingly,
the GmCRY2a protein expression showed neither diurnal
rhythm nor circadian rhythms, although its mRNA expression
appears to oscillate with a circadian rhythm in LD-entrained
conditions, especially when illuminated by blue light (Fig. 3B
Upper). This unexpected observation may be explained by that a
decrease of the light-labile GmCR Y2a protein in the light phase
of LD photoperiod is compensated by the increase of the
GmCRY2a mRNA expression during this time of the day (Fig. 3B
Left). We noted that the GmCRY2a mRNA expression showed
no clearly distinguishable circadian rhythm in SD photoperiod
(Fig. 34 Right) or in LD photoperiod illuminated by red light,
suggesting that a different mechanism may be involved in
sustaining a constant cellular level of the light-labile GmCRY2a
protein in SD photoperiods.

In contrast to GmCRY2a, both GmCRYIa mRNA and
GmCRYla protein expressions exhibited circadian rhythms
(Fig. 34). The circadian rhythmic expression of the GmCRYIa
mRNA partially explains why the level of the light-stable
GmCRYla protein oscillates (Fig. 3). The circadian rhythm of
the GmCRYIa mRNA (Fig. 3B Upper) and the GmCRYla
protein expression (Fig. 3B Lower) were similarly observed in
photoperiods illuminated by either red light or blue light,
suggesting that the circadian clock is regulated redundantly by
cryptochromes and phytochromes in not only Arabidopsis (39),
but also soybean.

A comparison of the GmCR Y1a protein expression in LD and
SD revealed two distinct phase characteristics in response to
different photoperiods (Fig. 34). First, the circadian rhythm of
the GmCRY1a protein expression in LD and SD had different
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Fig. 1. Expression, subcellular localization, and function of soybean cryptochromes. (A) Immunoblot showing GmCRY1a and GmCRY2a expression in
unifoliolate (Su) and trifoliate leaves (St1, St2, St3, and St4) collected at different developmental stages (U, T1, T2, T3, and T4). (U) T1, T2, T3, and T4 denote the
developmental stages, at which the unifoliate leaves, the first, second, third, and the fourth trifoliate leaves fully opened, respectively. (B) Immunostaining
showing nuclear localization of GmCRY 1a and GmCRY2a. Nuclei isolated from the unifoliate leaves of the 14-day-old etiolated soybean seedlings were probed
with anti-GmCRY1a (GmCRY1), anti-GmCRY2a (GmCRY2), or preimmune serum (control), and visualized by DAPI (blue) or fluorescence of rhodamine Red-X
conjugated to the goat-anti-rabbit IgG. (Scale bar, 5 um) (C) GFP fluorescence showing nuclear localization of GFP-GmCRY 1a and GFP-GmCRY2a in guard cells
of 3-day-old transgenic Arabidopsis seedlings grown under continuous white light. (Scale bar, 10 um) (D and E) Transgenic expression of 355::GFP-GmCRY1a,
but not 355::GFP-GmCRY2a, rescued the late-flowering phenotype of the Arabidopsis cry2 mutant. (D) 56-day-old plants of transgenic plants expressing the
indicated recombinant proteins in the cry2 mutant background. (E) Flowering time measured by ‘’Days to Flower' and (trifoliate) “’Leaf Number" of the indicated
genotypes. The phenotype of two independent transgenic lines expressing 355::GFP-GmCRY1a, one of which [GmCRY 1a(+)] expressed high level of GmCRY17a
mRNA, but the other line [GmCRY 1a(—)] expressed little GmCRY1a mRNA, are shown. Multiple independent lines of each type of transformants exhibited similar
phenotypes as the representative lines shown. (F-H) qPCR results showing mRNA expression of the indicated genes in the transgenic lines with the indicated

genotype. Note the lack of expression of GmCRY7a in the GmCRY 1a(—) and other control lines. AtFT: the Arabidopsis FT gene.

phase shapes, with the peak level of the GmCRY1la protein
expression sustained for the duration that is at least twice as long
in LD (>8 h) as that in SD (<4 h) (Fig. 34 Lower). Second, the
time that the GmCRY1a protein expression reaches the peak
level and its relationship with the time that the level of the
GmCRYIa mRNA expression reaches the peak level are differ-
ent in LD and SD. In LD photoperiods, the protein level of
GmCRY1a reached a broad “peak” at approximately noon or
subjective noon, which was approximately the same time its
mRNA reached the peak level (Fig. 34 Left). In SD photope-
riods, the GmCR Y1a protein expression reached the peak level
at approximately dusk or subjective dusk, which was ~3 to 5-h
lagging behind the time its mRNA reached the peak level (Fig.
34 Right). The differential phase characteristics of the
GmCRY1a protein expression in response to different photo-
periods are consistent with GmCRY1a being a photoreceptor
regulating photoperiodic flowering. Moreover, the photoperiod-
dependent deviation in the kinetics of the GmCRY1a protein
expression from that of its the mRNA expression indicates that,
in addition to the circadian control of the GmCRYla mRNA
expression, other post-transcriptional mechanisms must also be
involved in the regulation of the GmCRY1a protein expression.

21030 | www.pnas.org/cgi/doi/10.1073/pnas.0810585105

It is intriguing that the kinetics of GmCRY1a protein expression
in plants grown in LD illuminated with red light (Fig. 3B,
RDIP-RR), which showed a narrow peak lagging behind its
mRNA expression, was more similar to that observed in SD
illuminated with white light (Fig. 34, SD-LL) than that found in
LD illuminated with white light (Fig. 34, LD-LL). In contrast,
the kinetics of the GmCR Y1a protein expression in plants grown
in LD illuminated with blue light (Fig. 3B, BDP-BB) was almost
identical to that observed in LD illuminated with white light (Fig.
34, LD-LL). These results suggest a possible involvement of
phytochromes in posttranscriptional regulation of the
GmCRY1a protein expression. Regardless of the exact mecha-
nism regulating GmCRY1la expression, the photoperiod-
dependent diurnal rhythm of the CRY2 expression in Arabi-
dopsis (24, 25) and the photoperiod-modulated circadian rhythm
of GmCR Y1a expression in soybean (Fig. 3) appear remarkably
consistent with Arabidopsis CRY2 and soybean GmCRYla
being the major cryptochromes that regulate photoperiodic
flowering in the respective plant species (5) (Fig. 1 and Fig. S3).

Latitudinal Cline in Photoperiodic Flowering of Soybeans. Although
photoperiodic control of flowering time in soybean was exten-
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Fig. 2. GmCRY2a, but not GmCRY 1a, undergoes blue light-specific degra-
dation. (A and B) Immunoblots showing GmCRY 1a and GmCRY2a in etiolated
soybean seedlings exposed to blue light (A) (32 umol/m?%/s) or red light (B) (55
umol/m?2/s) for the indicated time. Protein samples were fractionated by 10%
SDS/PAGE, and immunoblots were probed with antibodies against GmCRY 1a
or GmMCRY2a as indicated. NS, a nonspecific band recognized by the antibody
that is used to indicate relative loading. Signals of the immunoblot shown on
the left were digitized, normalized by the NS signal, and plotted as
GmCRY1a/NS on the right. (C) Immunoblots showing inhibition of the blue
light-dependent degradation of GmCRY2a by the 26S proteasome inhibitor
MG132. Etiolated soybean seedlings were treated with 50 uM MG132, then
exposed to blue light for the time indicated, and the immunoblot analyzed by
using the anti-GmCRY2a antibody. The relative levels of GmCRY2a proteins
were plotted as described in (A and B). Note that different loadings in
differentlanes shown on the left (NS) were normalized and shown on the right
(GmCRY1a/NS).

sively studied in the early 20! century, there is surprisingly little
information concerning latitudinal cline in photoperiodic flow-
ering of soybean examined in defined photoperiod and temper-
ature conditions (7). To further understand the role of crypto-
chrome in soybean photoperiodic flowering, we analyzed
photoperiodic responses of flowering time of soybean cultivars
collected from areas in China that range from ~25°N to ~50°N
(Fig. 44). When those soybean cultivars were grown in SD
photoperiods (8 hL/16 hD), they flowered at approximately the
same time, regardless of the latitude of the site of cultivation
(Fig. 4B). In contrast, when plants were grown in LD photope-
riods (16 hL/8 hD), the cultivars collected from lower latitude
flowered later than those collected from higher latitudes (Fig.
4B). A linear regression analysis demonstrated that there is no
correlation (R’ = 0.017) between flowering time of cultivars
grown in SD photoperiod and latitude of the site of cultivation
(Fig. 4C, SD). In contrast, there is a clear and strong correlation
(R? = 0.7387, P < 0.001) between flowering time of those
cultivars grown in LD photoperiod and latitude of the site of
cultivation of the respective cultivars (Fig. 4C, LD). Soybean (G.
max) was domesticated in China from its wild ancestor (G. soja)
at least 3,100 year ago (40), therefore, we examined flowering
time of 328 wild soybean accessions collected in China. A
“common-garden” experiment, performed in a field near Beijing
(=40°N, ~116°E) in mostly LD photoperiods, demonstrated a
latitudinal cline of photoperiodic flowering in wild soybeans
(Fig. S4), which is slightly stronger (R? = 0.8223, P < 0.0001)
than that of the domesticated soybean cultivars.

Zhang et al.
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Fig. 3. Light and circadian-clock regulation of the GmCRY7a and GmCRY2a

genes. (A) Results of gPCR analyses showing the expression of the GmCRY7a and
GmCRY2a mRNA (Upper), and immunoblot analyses showing the expression of
the GmCRY1a and GmCRY2a protein (Lower) in samples collected at different
time from plants treated with different photoperiodic and free-running condi-
tions. LD-LL, samples were collected from unifoliolate leaves of soybean seedlings
grown in LD (18 hL/6 hD) for 2 days, and from seedlings transferred to continuous
white light for one day, at the time indicated (ZT). SD-LL, samples were collected
from seedlings grown in SD (8 hL/16 hD) for one day, and from seedlings trans-
ferred to continuous white light for two days, at the time indicated. Black bar:
dark phase, white bar: light phase, hatched bar: subjective dark phase but
illuminated with light. The triangle and square symbols denote GmCRY7a mRNA
(Upper) or protein (Lower), and GmCRY2a mRNA (Upper) or protein (Lower),
respectively. Dotted lines indicate the peak time of GmCRY7a mRNA expression.
Similar experiments were repeated with similar results, and results of the repre-
sentative experiment are shown. The last three data points for GmCRY 1ain SD-LL
were omitted, because of inconsistence in results of those data points in different
experiments. (B) Similar to A, but the samples were collected from seedlings
treated with different light condition. BD'P-BB, samples were collected for 2 days
fromunifoliolate leaves of soybean seedlings grown in LD (18hL/6hD) illuminated
by blue light, and from seedlings transferred to continuous blue light for two
more day, at the time indicated (ZT). RD'P-RR, samples were collected for 2 days
from unifoliolate leaves of soybean seedlings grown in LD (18 hL/6 hD) illumi-
nated by red light, and then from seedlings transferred to continuous red light for
two additional days.

Association of the Circadian Rhythmic Expression of GmCRY1a and
Latitudinal Cline in Photoperiodic Flowering of Soybean. We next
analyzed protein expression of cryptochromes in the soybean
cultivars grown in LD and SD photoperiods. We collected
samples in the morning, noon, and evening, from different
cultivars grown in LD or SD photoperiods. The relative abun-
dance of the GmCRY1a protein was analyzed by immunoblot
and estimated by two-way normalization, in which the
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Fig.4. Alatitudinal cline in flowering time of soybean cultivars (G. max). (A)
A diagram showing the geographic centers of cultivation areas of cultivars
examined. Numbers on the top or left of the map of China indicate longitude
(°E) or latitude (°N), respectively. (B) Flowering time, presented as ‘‘Days to
Flower” or “Trifoliate Leaf Numbers”” at the time of flowering of indicated
cultivars grown in LD (18 hL/6 hD) or SD (8 hL/16 hD) with constant tempera-
ture (25-28°C). The means and standard deviations (n = 20) were shown.
Latitude of the site of cultivation and the cultivar accessions are indicated. (C)
Correlation of flowering time and latitude of indicated cultivars grown in LD
(R? = 0.7387, P < 0.004) or SD (R? = 0.017).

GmCRY1a band signal was normalized for both the relative
loading and the variable signal strengths of different immuno-
blots (see SI Text). Results of this study demonstrated that the
GmCRY2a protein expressed constantly throughout the day in
different cultivars grown in LD and SD photoperiods (Fig. 54),
whereas the abundance of GmCR Y1a oscillated and reached the
peak level at noon in most cultivars grown in LD photoperiods
(Fig. 5 A and B and Fig. S5). Consistent with GmCRY1a being
a positive regulator of floral initiation in soybean that flower
earlier in SD than in LD, the relative level of GmCRY 1a protein
expression was markedly higher in SD than in LD, especially at
noon, in all of the cultivars examined (Fig. S6, noon and > yng)-
Importantly, the relative abundance of GmCRYla at noon
(normalized by the sum of the band signals of GmCRY1a of all
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Fig.5. The correlation of the circadian rhythmic expression of the GmCRY 1a
protein and flowering time or latitude of the site of soybean cultivation. (A)
Immunoblots showing GmCRY1a and GmCRY2a expression in samples col-
lected at indicated time from indicated cultivars. LM, LN, and LE: morning (0.5
h after light on), noon (middle of light phase), or evening (0.5 h before light
off) in LD photoperiod; SM, SN, and SE: morning (0.5 h after light on), noon
(middle of light phase), or evening (0.5 h before light off) in SD photoperiod.
Control: the ECL control, an aliquot of the same protein sample prepared at
noon in LD from NK18 line was included in each immunoblot. (B) GmCRY1a
signals of the immunoblot shown on the left were digitized, treated by the
two-way normalization (see S/ Text), and plotted as the “Relative abundance
of GmCRY 1a” of the indicated cultivars and the respective latitude of the site
of cultivation. (C) Linear regression analyses showing a strong correlation
between the relative abundance of GmCRY 1a [GmCRY 1a (N/Znme)] at noon in
LD and flowering time (R? = 0.4139, P < 0.019) or latitude of the site of
cultivation (R? = 0.4671, P < 0.012), and the lack of a strong correlation
between the relative abundance of GmCRY 1a [GmCRY 1a (N/Znme)] at noon in
SD and flowering time (R2 = 0.1024) or latitude of the site of cultivation (RZ =
0.1076). > mne, sum of GmCRY protein abundance in the morning, noon, and
evening.

three time points sampled) in LD-grown plants showed a clear
correlation with the flowering time (R’ = 0.414, P < 0.019) and
the latitude of the site of cultivation (R? = 0.467, P < 0.012) (Fig.
5C, LD). No such correlation was detected between GmCRY1a
expression in SD photoperiod and flowering time or latitude
(Fig. 5C, SD). We conclude that the photoperiod-dependent
rhythmic expression of GmCRY1a is associated with the latitu-
dinal cline in photoperiodic flowering of soybean.

To our knowledge, soybean GmCRYla is the first plant
photoreceptor gene shown to exhibit a latitudinal cline at the
level of apoprotein expression. However, two observations argue
that the genetic variations affecting the circadian rhythmic
expression of the GmCRY1a protein may reside outside of the
GmCRYla gene. First, no clear latitudinal cline of the GmCRYl1a
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mRNA expression was detected in either LD or SD photoperiods
(Fig. S7 and data not shown). This is consistent with the notion
that, although the circadian rhythmic expression of GmCRYla
mRNA partially explain the circadian oscillation of the level of
GmCRY1 protein, additional mechanisms must also be involved
to determine the phase changes of GmCRY1a protein expres-
sion in response to photoperiods (Fig. 3). Therefore, potential
sequence variations in the promoter or other noncoding se-
quences of the GmCRY1a gene cannot fully explain the natural
variations in the GmCRYla protein expression. Second, no
allelic variations detected in the GmCRYIa cDNAs of the 11
soybean cultivars examined in this study showed a clear corre-
lation with the latitudinal cline in the GmCRYla protein
expression or in flowering time (Y. Li, L. Qu, and Q. Zhang,
unpublished). This result indicates that, unlike the Arabidopsis
CRY2EDPT gllele (25), genetic variations causing the latitudinal
cline in the GmCRY1a protein expression may be better ex-
plained by structure variations not readily discernable at the
amino acid sequences, at least for the cultivars examined.
Consistent with our hypothesis, none of the QTL associated with
photoperiodic flowering in soybean has been mapped to the
chromosome location near a GmCRY gene (41). Therefore, we
are compelled to speculate that the natural variations of genes
involved in posttranscriptional regulation of gene expression,
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such as components of the phytochrome signal transduction, the
circadian clock, nRNA export, protein translation, modification,
or degradation, are likely involved in determining the latitudinal
cline in the circadian rhythmic expression of the GmCRYla
apoprotein and in photoperiodic flowering of soybean. Further
studies are needed to identify those genes.

Materials and Methods

Transgenic Arabidopsis “‘overexpressing’’ 355::GFP-GmCRY were prepared in
the cry2 mutant (5), cry? mutant (42), or Col background, respectively. Rabbit
antibodies were prepared against the C-terminal domains of GmCRY 1a (res-
idues 486 to 681) and GmCRY2a (residue 486 to 634) expressed and purified
from E. coli. See S/ Text for additional details.
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